We reported that left ventricular (LV) dilatation after 4 weeks of isolated mitral regurgitation (MR) in the dogs is marked by extracellular matrix loss and an increase in adrenergic drive. Given that extracellular matrix proteins and their receptor integrins influence ␤-adrenergic receptor (␤-AR) responses in vitro, we tested whether ␤1-AR activation modulates focal adhesion (FA) signaling and LV remodeling in these same dogs with isolated MR. Normal dogs were compared with dogs with MR of a 4-week duration and with MR dogs treated with ␤ 1 -AR blockade (␤ 1 -RB) (extended-release metoprolol succinate, 100 mg QD) that was started 24 hours after MR induction. In MR LVs, a decrease in collagen accumulation compared with normal dogs was associated with a decrease in FA kinase tyrosine phosphorylation, along with FA kinase interaction with adapter and cytoskeletal proteins, p130 Cas and paxillin, respectively, as determined by immunoprecipitation assays. There was increased phosphorylation of stress related molecules p38 mitogen-activated protein kinase (MAPK) and Hsp27 and survival signaling kinases extracellular signal-regulated kinase 1/2 and AKT, with no evidence of cardiomyocyte apoptosis. ␤ 1 -RB attenuated FA signaling loss and prevented p38 MAPK, Hsp27, and AKT phosphorylation induced by MR and significantly increased LV epicardial collagen content. However, ␤ 1 -RB did not improve LV endocardial collagen loss or LV dilatation induced by MR. Isolated myocytes from normal and MR dog hearts treated with ␤ 1 -or ␤ 2 -AR agonists demonstrated no difference in FA kinase, p38 MAPK, Hsp27, or AKT phosphorylation. These results showed that chronic stimulation of ␤ 1 -AR during early compensated MR impairs FA signaling that may affect myocyte/fibroblast-extracellular matrix scaffolding necessary for LV remodeling.
M yocardial remodeling in response to pressure or volume overload (VO) is an adaptation of myocardial structure to accommodate chronic changes in myocardial demand. This remodeling is thought ultimately to drive a maladaptive process of ventricular dilatation and pump dysfunction that contributes to the pathogenesis of heart failure. In contrast to pressure overload, the VO of isolated mitral regurgitation (MR) results in left ventricular (LV) dilatation, side-to-side slippage of cells, and degradation of extracellular matrix (ECM) proteins. 1, 2 In addition to these structural changes, there is development of cardiac hypertrophy and subsequent LV dysfunction in MR that are improved by ␤-adrenergic receptor blockade (␤-RB) 3 but not by angiotensin-converting enzyme inhibition or angiotensin type 1 receptor blockade, 4, 5 suggesting that the adrenergic system is more central to the pathophysiology of VO of isolated MR. Moreover, studies in humans and dogs have demonstrated an increase in adrenergic drive even in a mild compensated state of isolated MR, 6, 7 most likely attributable to the early achievement of preload reserve.
␤-Adrenergic receptors (␤-ARs) belong to the large family of G protein-coupled receptors that is involved in positive inotropic, chronotropic, and lusitropic responses through activation of G protein. 8 In the failing hearts, several defects in ␤-AR signaling have been detected, including receptor downregulation and uncoupling from the stimulatory G protein, 9 increased level of inhibitory G protein subunits, 10 decreased adenylate cyclase activity, and increased ␤-AR kinase-1 expression and activity. 11, 12 ␤-AR signaling may also be affected by ECM proteins. Herein, plating myocytes on laminin substrate as opposed to glass selectively reduced ␤ 1 -AR and enhanced ␤ 2 -AR regulation of I Ca . 13 In addition, activation of integrin signaling blocks adult cardiomyocyte apoptosis induced by ␤ 1 -AR activation. 14 The ability of integrins as ECM receptors to regulate cytoskeletal architecture has been well characterized in vitro and in vivo. 15, 16 In addition, integrin signaling has been implicated in G protein-coupled receptor-, hormone-, and growth factor-induced alterations in gene transcription in cardiac myocytes. 15, 16 Integrins are a family of heterodimeric transmembrane receptors (composed of ␣ and ␤ subunits) containing extracellular ligand binding domains that show binding specificity for ECM components and a short cytoplasmic domain that serves to couple integrins with the actin cytoskeleton. 16 Binding of a matrix protein to an integrin heterodimer typically results in the activation of the nonreceptor tyrosine kinase, focal adhesion kinase (FAK). Activated FAK, in turn, recruits the nonreceptor tyrosine kinase c-Src, the multifunctional adapter molecule Grb2, p130 Cas , paxillin, and other signaling intermediates. 15, 16 Integrin ␤1 and FAK knockout result in defective heart development and early embryonic lethality. 17, 18 Interestingly, in mice with myocyte-restricted FAK inactivation, an eccentric cardiac hypertrophy develops with age and in response to pressure overload stimuli, suggesting that downregulation of focal adhesion (FA) signaling is associated with the development of eccentric cardiac hypertrophy. 19 In a similar study, persistent challenge of mice with myocyte-restricted FAK inactivation leads to enhanced cardiac fibrosis and cardiac dysfunction in comparison with challenged genetic controls. 20 Pressure overload-induced cardiac hypertrophy is accompanied by enhanced expression of ECM proteins, integrins, and enhanced activation of FA signaling that correlates with advancement of hypertrophy. [21] [22] [23] However, little is known about integrin signaling during VO-induced cardiac hypertrophy that is associated with a decrease in ECM accumulation as during isolated MR in the dog. 1 We reported an increase in catecholamine release into the LV interstitial fluid space after 4 weeks of MR. 7 We extended this work using samples from these same dogs and now show for the first time that increased adrenergic drive impairs FA signaling early in the course of LV remodeling in the VO of isolated MR.
Materials and Methods
Mitral valve regurgitation was induced in conditioned mongrel dogs of either sex (19 to 26 kg) by chordal rupture using a fluoroscopic guided catheterization method previously described in our laboratory. 1, 7 Dogs were randomly assigned to 1 of 5 groups: (1) unoperated controls (nϭ6); (2) 2 and 4 weeks of MR (2W-MR and 4W-MR; nϭ6); and (3) 2 and 4 weeks of MR treated with ␤ 1 -AR blocker (extended-release metoprolol succinate, 100 mg PO, once daily; nϭ6) starting 24 hours after MR induction. In these same animals, we have previously reported the results of M-mode echocardiography, which was performed in the conscious state at baseline and at the time of euthanasia. 1 Animals were maintained at a deep plane of general anesthesia using isoflurane and were mechanically ventilated. At the end of the in vivo experiments, the heart was arrested with intracardiac injection of KCl and quickly extirpated and placed in phosphate-buffered ice slush, and the coronaries were flushed with oxygenated Krebs solution. A portion of the LV (midmyocardium) was cut and snap-frozen in liquid nitrogen for subsequent biochemical studies. This study was approved by the Animal Services Committees at the University of Alabama at Birmingham and Auburn University.
An expanded Materials and Methods section is available in the online data supplement at http://circres.ahajournals.org.
Results

Effects of ␤ 1 -RB on LV Remodeling and Function Following MR
Mean arterial pressure was significantly decreased compared with controls in both 4W-MR and 4W-MRϩ␤ 1 -RB dogs (Table) . Heart rate, LV, end-diastolic pressure, and mean systemic vascular resistance did not differ from controls in 4W-MR and 4W-MRϩ␤ 1 -RB dogs. However, cardiac output was significantly decreased in 4W-MRϩ␤ 1 -RB dogs compared with controls. There was a trend toward increases in LV mass in 4W-MR and 4W-MRϩ␤ 1 -RB dogs compared with controls, but this did not achieve statistical significance. We have previously shown in these same 4W-MR dogs a marked increase in catecholamine release into the LV interstitial fluid space that was significantly attenuated by ␤ 1 -RB. 7 The resting heart rate was measured under general anesthesia approximately 24 hours after the last dose of metoprolol and, thus, may not reflect the effect of ␤ 1 -RB on heart rate in the conscious state. However, in these same dogs, heart rate response to stellate stimulation was decreased in 4W-MRϩ␤ 1 -RB compared with 4W-MR dogs, 7 suggestive of a negative chronotropic effect of ␤ 1 -RB.
LV end-diastolic dimension increased similarly in both 4W-MR and 4W-MRϩ␤ 1 -RB compared with baseline (Table). In addition, cardiac function assessed by LV fractional shortening was significantly increased from baseline in the 4W-MR group, because LV end-systolic dimension remained unchanged (Table) . However, this increase was not affected by ␤ 1 -RB. In a similar fashion, response of LV dP/dt to stellate stimulation was similar in 4W-MR and 4W-MRϩ␤ 1 -RB dogs, whereas stellate-stimulated heart rate change was attenuated in 4W-MRϩ␤ 1 -RB compared with control and 4W-MR dogs. 7 There was a significant decrease in LV end-diastolic wall thickness decreased significantly in 4W-MR group compared with baseline, along with a significant increase in LV end-diastolic dimension, indicating eccentric LV remodeling. However, these changes were not affected by ␤ 1 -RB treatment.
␤ 1 -RB Reduces Interstitial Collagen Degradation Induced by MR
Quantitative evaluation of myocardial interstitial collagen revealed a significant decrease in volume percentage of collagen for untreated 4W-MR hearts compared with controls at both the endocardium and epicardium levels ( Figure 1 ). Moreover, the decrease in collagen accumulation was evident at the endocardium at 2 weeks after MR ( Figure I in the online data supplement) and was sustained for 4 months after MR (data not shown). ␤ 1 -RB prevented collagen loss by Ϸ68% in the epicardium induced by 4 weeks of MR but has no detectable effect on interstitial endocardium collagen.
␤ 1 -RB Prevents FAK Signaling Downregulation Induced by MR
Several studies have shown that pressure overload-induced cardiac hypertrophy is associated with an increase in integrin signaling. 22, 23 However, these models of cardiac hypertrophy were associated with an increase rather than a decrease in ECM deposition. Because maximal cardiac hypertrophy re-quires ECM, we examined whether components of the integrin-signaling cascade were altered after 4W-MR. We examined tyrosine phosphorylation of FAK and correlated these with ECM changes. In control dogs, there was basal FAK tyrosine phosphorylation as determined by blotting with anti-phosphotyrosine antibodies (Figure 2A ). MR induction for 4 weeks led to a significant decrease in tyrosine phosphorylation of FAK without a decrease in FAK expression, because the same blot reblotted with anti-FAK antibodies *P<.05 vs. control #P<.05 vs. 4W-MR showed equal FAK expression levels between control and MR dogs (Figure 2A ). A similar decrease in FAK tyrosine phosphorylation was observed at 2 weeks after MR (supplemental Figure II ). The lack of quantitative changes in total FAK expression between control and MR hearts was also associated with a lack of detectable changes in FAK distribution, as evaluated by double immunostaining using anti-FAK polyclonal antibodies (supplemental Figure III) . FAK immunolabeling was localized throughout the myocardium of control hearts, including the cardiomyocytes that also stained positively for sarcomeric ␣-actin, and some staining of the interstitial space. There was also FAK staining of endothelial cells and the medial layer of blood vessels (data not shown).
In 4W-MR hearts, there was no qualitative change in FAK immunolabeling compared with normal hearts. Thus, FAK expression and distribution were not significantly affected by 4W-MR. Treatment with ␤ 1 -RB significantly reduced the decrease in FAK tyrosine phosphorylation induced by MR at 4 weeks but did not reach statistical significance in 2W-MR dogs compared with controls ( Figure 2A and supplemental Figure II ). Because FAK can be tyrosine-phosphorylated on a number of tyrosine residues, including Tyr397, -578/577, -861, and -925 in response to various stimuli, we next mapped the phosphorylation site on FAK using series of well-characterized phospho-specific antibodies. 24 FAK-Tyr397, -578/577, -861, and -925 phosphorylation decreased significantly in 4W-MR dogs compared with controls and treatment with ␤ 1 -RB improved the decrease in FAK-Tyr397, -578/577, -861 tyrosine phosphorylation sites without any detectable differences between these different sites. However, ␤ 1 -RB was without significant effect on FAK-Tyr925 phosphorylation, suggesting a different mechanism of regulation of this FAK tyrosine phosphorylation site ( Figure 2B ). Consistent with a reduction in FAK tyrosine phosphorylation, there was a decreased association between FAK and p130 Cas , and FAK and paxillin, 2 important components of FA complex that associate with and are phosphorylated by FAK, 15, 16 in 4W-MR dogs compared with controls ( Figure 3A ). Treatment with ␤ 1 -RB prevented both FAK-paxillin and FAK-p130 Cas dissociation. To investigate whether p130 Cas and paxillin are also affected by 4W-MR, analysis of p130 Cas and paxillin tyrosine phosphorylation was performed. p130 Cas and paxillin tyrosine phosphorylation was also decreased in 4W-MR dogs and correlated with those of FAK ( Figure 3B and 3C). Treatment with ␤ 1 -RB prevented the decrease in paxillin tyrosine phosphorylation but did not reach statistical significance for p130 Cas phosphorylation. These data indicate that the loss of collagen following 4W-MR is associated with a decrease in FAK phosphorylation and its association with downstream signaling molecules. However, this downregulation seems to be selective for FAK and FAK associated molecules as tyrosine phosphorylation of Pyk2, a FA-related kinase with strong homology to FAK, was not significantly affected in 2W-MR (supplemental Figure IV) and 4W-MR ( Figure 3D) hearts.
␤ 1 -RB Prevents Alteration of FAK Downstream Signaling Induced by MR
Putative signaling pathways downstream from FAK/p130 Cas / paxillin could involve activation of the extracellular signal-regulated kinase 1/2 (ERK 1/2 ), c-Jun N-terminal kinase (JNK), and p38 mitogen-activated protein kinase (MAPK) pathways, each of which has been implicated in hypertrophic signal transduction. [25] [26] [27] Therefore, we examined whether the loss of FA signaling observed in MR dogs was associated with changes in p38 MAPK, ERK 1/2 , and JNK phosphorylation by immunoblot analysis. Control animals presented basal p38 MAPK and ERK 1/2 phosphorylation and induction of MR for 4 weeks led to an increase in p38 MAPK and ERK 1/2 phosphorylation ( Figure  4A and 4B) . However, 4 weeks of MR had no detectable effect on JNK phosphorylation state ( Figure 4C) . A similar increase in p38 MAPK and ERK 1/2 phosphorylation was also observed in the 2W-MR group (supplemental Figure V and data not shown). Interestingly, ␤ 1 -RB completely abolished p38 MAPK phosphorylation induced after 4W-MR, whereas activation of ERK 1/2 was not significantly affected at 2 and 4 weeks after MR ( Figure  4A and 4B and supplemental Figure V ). This suggests that the VO of isolated MR differentially regulates the activation of these 3 MAP-kinases with p38 MAPK and ERK 1/2 being activated in response to MR and that p38 MAPK is dependent on ␤ 1 -AR stimulation.
MR-Induced FA Signaling Alteration Is Not Associated With Cell Death by Apoptosis
Both loss of ECM and/or loss of FAK signaling have been shown to lead to cell death termed anoikis. 28 -30 To examine whether apoptosis occurs after ECM loss and subsequent FA alteration during induction of MR, we measured caspase-3 activity and DNA fragmentation by ELISA and TUNEL assay in control, 4W-MR, and 4W-MRϩ␤ 1 -RB groups ( Figure 5 ). We did not detect any difference among control, 4W-MR, and 4W-MRϩ␤ 1 -RB in either caspase-3 activity (normal, 249Ϯ13 relative fluorescence unit (RFU)/min per milligram protein; 4W-MR, 242Ϯ27 RFU/min per milligram protein; 4W-MRϩ␤ 1 -RB, 198Ϯ26 RFU/min per milligram protein), DNA fragmentation (normal, 5.2Ϯ0.9 optical density (OD) 410 to OD 500 /mg protein; 4W-MR, 5.8Ϯ1.4 OD 410 to OD 500 /mg protein; 4W-MRϩ␤ 1 -RB, 4.00Ϯ0.9 OD 410 to OD 500 /mg protein), or the percentage of TUNEL-positive cardiomyocytes (normal, 0.026Ϯ0.011%; 4W-MR, 0.021Ϯ0.002%; 4W-MRϩ␤ 1 -RB, 0.03Ϯ0.015%). These data showed that MR at this early compensatory hypertrophy stage is not associated with myocyte apoptosis despite a loss of ECM and FA signaling.
MR-Induced AKT and HSP27 Phosphorylation Is Prevented by ␤ 1 -RB
The absence of apoptotic markers in MR hearts despite the decrease in FA signaling led us to hypothesize that other compensatory signaling molecules may be activated to counteract the effect of ECM loss. One of the molecules that has been shown to play a role in survival and protection of myocytes against apoptosis is the phosphatidylinositol 3-kinase/AKT pathway. 31 As FAK has been identified as the major site for binding of phosphatidylinositol 3-kinase, the inositol lipid products of which are key mediators of Akt activation, 32 we next examined whether induction of MR is associated with an increase in AKT phosphorylation and whether ␤ 1 -RB prevents this activation. Immunoblotting with anti-phospho-AKT at the Ser473 residue, which has been shown to be required for maximal activation of AKT, 33 showed an increase in AKT phosphorylation following 4W-MR ( Figure 6A ). The amount of total Akt expression was not different between the 2 groups of animals. The increase in AKT phosphorylation was abrogated in 4W-MRϩ␤ 1 -RB dogs, suggesting that ␤ 1 -AR stimulation mediates AKT activation. Interestingly, these data also showed that FAK and AKT phosphorylation are differentially regulated by ␤ 1 -ARs in the MR model, with AKT phosphorylation being independent from FAK activation.
Another molecule that has been shown to be downstream of p38 MAPK and to confer protection and antiapoptotic properties for the heart is heat shock protein (Hsp)27. 34 MR induction for 4 weeks increased Hsp27 phosphorylation, as assessed by immunoblot ( Figure 6B ). As for p38 MAPK activation, ␤ 1 -RB abolished Hsp27 activation induced by 4W-MR ( Figure 6B ). These data, together, suggest that stimulation of ␤ 1 -AR is involved in the activation of antiapoptotic pathways, AKT and Hsp27, that may compensate for the loss of ECM and FA signaling in early MR.
␤-AR Signaling Is Not Altered in MR-Isolated Cardiomyocytes
Because ␤ 1 -RB reduced FA signaling loss and prevented p38 MAPK, Hsp27, and AKT activation, we thought that alteration in ␤-AR signaling may occur in cardiomyocytes at this early stage of MR. To test this hypothesis, myocytes were isolated from LV of control and 4W-MR dogs and plated on laminincoated dishes for 6 hours in 5% FBS DMEM. Myocytes were then switched to serum-free medium for 1 hour before their treatment with isoproterenol (a nonspecific ␤ 1 -and ␤ 2 -AR agonist) in the presence or absence of ␤ 1 -AR antagonist CGP20712A or with a selective ␤ 2 -AR agonist zinterol. In control-derived myocytes, isoproterenol induced FAK, p38 MAPK, Hsp27, and AKT phosphorylation that was prevented when cells were pretreated with CGP20712A. The ␤ 2 -AR agonist zinterol also induced an increase in FAK, p38 MAPK, Hsp27, and AKT phosphorylation, suggesting that the activation of these kinases is induced by both ␤ 1 -and ␤ 2 -AR stimulation ( Figure 7A) . Similarly, exposure of myocytes-derived from 4W-MR dogs with ␤ 1 -or ␤ 2 -AR agonists led to FAK, p38 MAPK, Hsp27, and AKT phosphorylation, and there were no significant quantitative or qualitative differences observed between these myocytes and myocytes derived from control animals ( Figure 7B and 7C) . Taken together, the effect of ␤ 1 -RB in preventing FA signaling loss and increasing p38 MAPK/Hsp27 and AKT activation in LV tissue extracts cannot be explained by an intrinsic alteration in ␤ 1 -or ␤ 2 -AR-induced downstream signaling based on these in vitro studies of isolated cardiomyocytes.
Discussion
We have previously shown that induction of MR for 4 weeks in the dog was associated with a marked increase in catecholamine release into the LV interstitial fluid space that is significantly attenuated by ␤ 1 -RB started 24 hours after MR induction. 1, 2, 7 The present study extends this work using samples from these same animals and demonstrates that decreased ECM accumulation in 4W-MR dogs is associated with alteration in FA signaling. FAK tyrosine phosphorylation and FAK association with p130 Cas and paxillin is decreased in MR dogs. Interestingly, ␤ 1 -RB prevented these signaling alterations without improving LV remodeling or completely restoring ECM accumulation. These results suggest that mechanical factors per se are not the trigger for FA signaling changes. Rather, increased adrenergic drive and subsequent stimulation of ␤ 1 -AR is the main trigger leading to impaired FA signaling early in the course of isolated MR. In this early stage of isolated MR, loss of FAK tyrosine phosphorylation was associated with the loss of FAK interaction with p130 Cas and paxillin, which are important docking sites for other signaling molecules that play an additional role in survival signaling. 15, 16 This is consistent with FAK involvement in the tyrosine phosphorylation of p130 Cas and paxillin and indicates that MR induces downregulation of FA signaling, as well as destruction of the FA complex. This is in stark contrast to the activation of FA signaling reported in the early compensated stages of experimentally induced pressure overload in vivo or in isolated cardiomyocytes subjected to pulsatile mechanical stretch. 22, 23, 35 Interestingly, the decrease in FAK and paxillin tyrosine phosphorylation was not associated with their cleavage or caspase-3 activation in 2W-MR (supplemental Figure II and data not shown) and 4W-MR (Figures 2A and 5A) LVs, suggesting that dephosphorylation and disruption of the FA complex occurs before caspase-3 activation and FAK/paxillin degradation. In the failing and dilated hearts in which myocyte apoptosis was identified, FA protein (FAK and paxillin) cleavage has been detected and may involve an increase in caspase-3 activity. 36 The role of the constitutive phosphorylation of FA proteins in normal cellular function is not fully understood but may be important for maintaining cell survival and FA integrity in the resting state. 16, 37 In mice with a selective inactivation of FAK in cardiomyocytes, an eccentric cardiac hypertrophy develops with age and even in the face of angiotensin II infusion or induction of pressure overload with transaortic constriction. 19 In another study, persistent challenge of similar transgenic mice with transaortic constriction leads to enhanced cardiac fibrosis and cardiac dysfunction in comparison with challenged genetic controls. 20 Despite these cardiac structural changes, both studies failed to detect an increase in myocyte apoptosis. This is in contrast to findings in myocyte-restricted deletion of the ␤ 1 integrin in adult mouse hearts in which dilated cardiomyopathy and concomitant heart failure were observed. 38 These findings in mice, in addition to our present study, showed that impaired FA signaling is associated with the development of eccentric cardiac hypertrophy. Recent studies in cardiomyocytes in vitro have demonstrated that disruption of FAK signaling prevented hypertrophic responses induced by G protein-coupled receptors and promoted cardiomyocyte apoptosis by anoikis. 29, 30, 39 Protection against apoptosis in this early adaptive phase of isolated MR could be explained by an increase in survival signaling pathways ERK 1/2 , AKT, and Hsp27 activation that counter proapoptotic events resulting from the loss of FA signaling. In addition, there was no increase in JNK phosphorylation, which has been shown to mediate ␤ 1 -AR-induced cardiomyocyte apoptosis. 40 Surprisingly, ␤ 1 -RB prevented both AKT and Hsp27 stimulation, implicating ␤ 1 -AR stimulation in the activation of these survival signaling pathways that are independent of FAK activation. Nevertheless, there is emerging evidence that prolonged activation of some survival signaling pathways may have deleterious effects on cardiomyocyte survival. Herein, induction of an activated Akt1 gene in the mouse heart induced adaptive cardiac hypertrophy in the acute phase and dilated cardiomyopathy in the chronic phase, suggesting that Akt and Akt-dependent signaling pathways are involved in both physiological and pathological cardiac growth. 41 These data emphasize that cardiac apoptosis control is multifactorial and that the balance between pro-and antiapoptotic pathways over time may dictate the transition form heart hypertrophy to failure.
In this study, we showed that ␤ 1 -RB prevented FA signaling loss and p38 MAPK, Hsp27, and AKT activation induced by 4W-MR. However, we could not detect a significant difference in ␤ 1 -or ␤ 2 -AR expression by immunoblot of plasma membrane proteins prepared from control-or MRderived cardiomyocytes (data not shown). A defect in ␤-AR downstream signaling is also unlikely because myocytes derived from control and MR hearts showed similar ␤ 1 -and ␤ 2 -AR responses in FAK, AKT, p38 MAPK, and Hsp27 phosphorylation. Although these data indicate an intact ␤-AR signaling mechanism of cardiomyocytes in vitro, it is noteworthy that cardiomyocytes were isolated from the whole LV and were stimulated with submaximal concentrations of agonists, which may not allow detecting differences in kinase phosphorylation between control-and MR-derived cardiomyocytes. Furthermore, cardiomyocytes were grown on laminin substrate, which may not reproduce the marked loss of ECM in MR hearts in vivo. This is especially important because plating myocytes on laminin substrate, as opposed to glass, selectively reduced ␤ 1 -AR and enhanced ␤ 2 -AR regulation of I Ca . 13 Thus, our short-term in vitro studies in MR-derived cardiomyocytes plated on laminin may negate the loss of ECM in MR hearts with increased adrenergic drive in vivo.
The selective downregulation of FA signaling in the compensated phase of MR was associated by a small amount of LV dilatation and increased LV fractional shortening. This occurs in spite of the renin-angiotensin system and adrenergic drive activation and is in stark contrast to the activation of FA signaling in experimentally induced pressure overload. 22, 23 In these dogs, ␤ 1 -RB decreased catecholamine release into the interstitial fluid in response to electric and angiotensin II stimulation 7 and restored FA signaling without affecting LV end-diastolic dimension to wall thickness ratio and wall stress indexes. Our data suggest that prolonged and excessive adrenergic drive is a potential mediator of FA signaling alteration early in the adaptive phase of VO. Consistent with these findings, prolonged stimulation of ␤-ARs has been shown to promote disruption of ␤ 1 -integrin signaling in cultured cardiomyocytes and stimulation of ␤ 1 -integrin signaling was efficient to protect cardiomyocytes against ␤-AR-induced apoptosis. 14 However, ␤ 1 -RB did not prevent a marked loss of endocardial collagen, which could explain the failure to improve short-term diastolic remodeling and function. Long-term therapy of VO with ␤ 1 -AR does improve isolated cardiomyocyte function but has no effect on interstitial collagen loss and LV dilatation and remodeling (preliminary data and elsewhere 3 ). The primary loss of myocyte/ fibroblast-ECM scaffolding and their interaction offers a new target, in addition to ␤ 1 -AR, to attenuate excessive adrenergic drive in the VO of MR. 
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